We investigated the inductively coupled plasma etching of InP-based materials for photonic-crystal (PC) device fabrication. By optimizing bias power and gas pressure, circular holes with a diameter of <0:2 mm, a depth of 2.0 mm and a maximum aspect ratio of 13 were formed with an e-beam resist mask. This technique was applied to the fabrication of PC-slab devices, and a single-point-defect PC laser was demonstrated at room temperature.
Photonic crystals (PCs) are expected to be a platform for dense photonic circuits, because they enable the realization of various small photonic devices through a strong optical confinement by photonic bandgap. One of their important applications is as a nanolaser, an internal light source of photonic integrated circuits. In most studies, PCs have been formed into InP-based materials, because surface recombination is not a serious problem for such materials even though the active region is deeply processed to form PCs. [1] [2] [3] Here, a PC slab consisting of shallow airholes in a thin airbridge membrane has been mainly used. Although the dry etching of InP is much more difficult than those of Si and GaAs, such a PC slab is fabricated relatively easily and lasing operation is obtained at room temperature by photopumping. However, to obtain higher device performance such as continuous wave operation and/or to fabricate more complex structures, such as current injection devices, semiconductor-cladded PCs and three-dimensional PCs, a more advanced etching technique is necessary.
In the etching of InP, CH 4 and its families and Cl 2 are commonly used as etching gases. Here, CH 4 and its families are not suitable for fabricating deep holes with a diameter of <200 nm in PCs, because of their low etch rate and tilt of etched sidewalls. Thus, Cl 2 is widely used with inductively coupled plasma (ICP) or chemically assisted ion beam (CAIB) and with a metal or a SiON mask transferred from patterns of a positive e-beam resist. [1] [2] [3] [4] [5] [6] [7] However, higher than 20 nm roughness is induced in the sidewall of etched holes during pattern transfer and etching. Roughness could be reduced if the resist pattern were directly used as etching mask. However, such use is actually difficult, since Cl 2 etching requires a substrate temperature higher than 200 C to evaporate the reaction product of InCl x , although this temperature is higher than the temperature limit of resists.
In recent years, dry etching with HI gas has attracted attention. HI etching generates a reaction product of InI x which has a much higher vapor pressure than InCl x at room temperature. It enables us to lower substrate temperature to below the temperature limit of resists. Recently, Cl 2 /HI-ICP etching has been used for mesa formation, 8) HI/Xe-ICP for PC-slab formation 9) and HI/H 2 /Ar CAIB for PC-laser fabrication.
10) However, they were not optimized for PCs and/or their aspect ratio was not sufficiently high. In this study, we investigated the HI/Xe-ICP etching of InP-based materials, and obtained a high aspect ratio and a small roughness. We applied this to the fabrication of PC slab and deep two-dimensional PC structures. As a demonstration of this etching, we achieved lasing operation in a single-pointdefect PC nanolaser.
The etching conditions were optimized for (100)InP with a resist pattern of circular holes of 0.15 -0.30 mm diameter. The positive resist ZEP 520A, Zeon Inc., of 0.3 mm thickness was patterned by e-beam lithography and post baked at 180 C for 2 min. Subsequently, 10 min HI/Xe-ICP etching was carried out using the ICP machine RIE 200ip (Samco Inc.). Here, Xe was mainly used for the stabilization of the plasma at a low gas pressure. The flow rates of HI and Xe, ICP power and substrate temperature were optimized in preliminary experiments to be 0.2 and 0.1 sccm, 100 W and 70 C, respectively. Then, the etching characteristics influenced by the bias power B and the gas pressure P were investigated. Figure 1 , and a high sidewall roughness and a sharp bottom shape appeared, which are generally caused by a strong physical etching and the redeposition of the reaction product (InI x in this case) on the sidewall. Figure 1(b) shows the gas pressure dependence at B ¼ 200 W. At P ¼ 0:30 { 0:34 Pa, the etch depth was 1 mm and was 85 -86 . However, the sharp bottom shape induced by physical etching was very clear at P ¼ 0:30 Pa. Etch depth rapidly decreased and drastically decreased to less than 70 at P 0:40 Pa. This can be explained by the decreased mean free path of ions and the enhanced radical etching.
Using the optimum condition of B ¼ 200 W and P ¼ 0:34 Pa, deep-hole etching was attempted. Since the etch rate of the resist mask under these conditions was less than 0.01 mm/min, etching time was determined to be 30 min, which was the time limit to maintain the resist mask. The etch rate of InP ranges 0.10 -0.11 mm/min for a hole diameter of 0.24 mm, when the hole depth was less than 1 mm. Above this depth, etch rate of InP gradually decreased. Such a decrease was not observed for line patterns with widths above 1 mm. Therefore, it is thought to be due to the redeposition of InI x near the bottom of each hole, which is particularly enhanced by the reduced solid angle of the escape cone. As shown in Fig. 2 , hole depth and aspect ratio for a hole diameter of 0.18 mm were 2.3 mm and 13, respectively. The sidewall angle was 88 at an 85% depth from the surface. Although there is still room for improvement in sidewall angle and the smoothness particularly near the bottom of a hole, this result shows the high potential of this etching not only for PC fabrication but also for the fabrication of various InP-based photonic devices.
As a demonstration of this process, a PC laser and a PC waveguide were fabricated under optimum conditions. The laser consisted of triangular lattice holes and a single point defect in a GaInAsP/InP compressively strained quantum well wafer whose photoluminescence (PL) peak wavelength was 1.58 mm. The waveguide consisted of triangular lattice holes and a single line defect in a 1.3-mm-GaInAsP/InP bulk wafer. The etch rates of 1.3-mm-GaInAsP and 1.58-mmGaInAsP bulk layers were determined in separate experiments to be 63 and 38% that of InP. Figure 3 shows the top view of the PC laser, where the lattice constant a and hole diameter 2r were 0.42 and 0.20 mm, respectively. Although the etching depth was 1.5 mm, the final thickness of the PC slab was 0.25 mm after the selective etching of InP claddings using HCl. In addition to the defect cavity of one missing hole, six surrounding holes were downsized to 0.16 mm diameter to improve of the cavity Q-factor. A small distortion is observed in each hole, which might be caused by the masking effect of redeposited InI x . On the other hand, the roughness amplitude of the etched sidewall was evaluated by high-resolution scanning electron microscopy to be less than 7 nm. This value is remarkably small compared with that obtained by Cl 2 -based etching with a metal mask. Figure 4 shows the lasing characteristics observed at room temperature by pulsed photopumping at a wavelength of 0.98 mm with a spot diameter of 3.5 mm and a duty ratio of 0.075%. The threshold power irradiated on the device surface was 1.1 mW. We cannot directly compare the threshold with that obtained for the device formed by the Cl 2 /Xe-ICP etching with a metal mask, when considering the small differences in structural parameters and photopump diameter between them.
11) However, at least, the result ensures the low etching damage of HI-based etching, which is comparable to Cl 2 -based etching. Recently, we have also demonstrated a much lower threshold in an ultimately small point shift nanolaser.
12) The realization of this small laser is also attributed to an effective and precise etching by HI. In the PC waveguide, on the other hand, a and 2r were 0.325 and 0.20 mm, and holes of 2.0 mm depth were used as it is without using etching InP claddings. Light propagation was Fig. 2 . Cross-sectional view of holes with maximum aspect ratio of 13. clearly observed at a wavelength range of 1.35 -1.6 mm and the correspondence of this result with the photonic band calculation was confirmed. Details of this experiment have been presented elsewhere. 13) In conclusion, we optimized HI/Xe-ICP etching with an e-beam resist mask for the fabrication of InP-based materials. The aspect ratio and sidewall angle achieved for a hole diameter of 0.18 mm were 13 and 88 , respectively. This etching was demonstrated using PC nanolasers and waveguides, and found to very useful for simplifying the fabrication process of not only PC devices but also various InP-based photonic devices.
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